The Rhizobium-legume symbiosis culminates in the exchange of nutrients in the root nodule. Bacteria within the nodule reduce molecular nitrogen for plant use, and plants provide bacteria with carbon-containing compounds. Following the initial signaling events that lead to plant infection, little is known about the plant requirements for establishment and maintenance of the symbiosis. We screened 44,000 M2 plants from fast neutron irradiated Medicago truncatula seeds and isolated eight independent mutant lines that are defective in nitrogen fixation (DNF). The eight mutants are monogenic and represent seven complementation groups.
Introduction
Many species of the legume family form mutually beneficial, symbiotic interactions with Rhizobium and related nitrogen-fixing bacteria, collectively called rhizobia. Following early surface interactions that include an exchange of signaling molecules, rhizobia penetrate plant roots through epidermal cells and are deposited inside cells of a newly formed symbiotic organ, the nodule. Inside the nodule, rhizobia reduce, or fix, molecular dinitrogen into ammonia.
To facilitate this process, the plant must provide an energy source and a permissible environment for nitrogen fixation. While the bacterial enzymes responsible for nitrogen fixation are irreversibly inhibited by oxygen, the environment cannot be fully anaerobic as rhizobia are obligate aerobes.
Nitrogen fixation is an energy intensive process.
The plant provides approximately six grams of carbon in the form of dicarboxylic acids per gram of nitrogen it receives from the bacteria (reviewed in Schubert, 1986; Vance and Heichel, 1991) . Consequently, bacteria that fail to import dicarboxylic acids are unable to fix nitrogen inside nodules (Ronson et al., 1981; Finan et al., 1983; Udvardi et al., 1988) . A precisely controlled developmental and biochemical program must be in place allowing the plant to create a new niche in which all the prerequisites for nitrogen fixation are satisfied.
We have undertaken the genetic analysis of plant factors required for the later stages of the symbiotic program that support active nitrogen fixation by the bacterial partner. Dissection of the Rhizobium-legume symbiosis by mutational analysis has been useful for studying various aspects of the symbiosis. Several genetic screens of rhizobia, including S. meliloti, have identified loci required for the production of symbiotic signaling molecules (e.g. Meade et al., 1982) , bacterial development (e.g. Glazebrook et al., 1993) , and for nitrogen fixation (e.g. Ruvkun et al., 1982) . Plant symbiotic mutants of important crop species (e.g. Peterson and Barnes, 1981; Carroll et al., 1985; Walker et al., 2000) and of the model legumes, Lotus japonicus and Medicago truncatula have been (Schauser et al., 1998; Szczyglowski et al., 1998; Kawaguchi et al., 2002) . In M. truncatula, seven Nod -and three Fix -complementation groups have been isolated (Bénaben et al., 1995; Sagan et al., 1995; Sagan et al., 1998; Catoira et al., 2000; Catoira et al., 2001; Amor et al., 2003; Oldroyd and Long, 2003) . While at least ten genes essential for nodule formation have been identified (reviewed in Oldroyd and Downie, 2004; Kalo et al., 2005; Smit et al., 2005 ), very little molecular-level information has become available about how plant genes facilitate the symbiotic program after nodule inception. Three plant proteins have been shown to be essential for nitrogen fixation: sucrose synthase, leghemoglobin, and a sulfate transporter (Gordon et al., 1999; Krusell et al., 2005; Ott et al., 2005) . Identification and characterization of new Fix -plant mutants described here in the genetically tractable plant M.
truncatula provide a critical genetic framework for more detailed molecular-level studies that will follow.
Here we describe the isolation of eight M. truncatula monogenic nitrogen fixation mutants. To characterize the nature of the defect in these mutants, we examine the expression of four bacterial symbiosis genes, which are required at different stages of nodule development. Using microarray analysis, we define patterns of symbiotic gene expression in wild type plants to provide a reference with which data from mutant plants can be compared. During nodule development, from six hours to twenty-one days after inoculation, we identify 584 genes that are differentially expressed. We examine gene expression profiles for three of the Fix -mutants, and identify forty misregulated genes. Based on these data, we place these mutants into three classes. For the purposes of this study, we define the Fix -phenotype as a defect that results in lower than wild type levels of nitrogen fixation.
Results

Isolation of
The macroscopic phenotype of mutant nodules allows an initial characterization of the symbiotic defect. Unlike wild type plants that make larger pink nodules ( Figure 1A ), Fix -mutants make small white nodules ( Figure 1B Mtsym1 (Bénaben et al., 1995) forms very small 'bump-like' nodules under our conditions (data not shown) that are phenotypically different from the nodules of the mutants described here (Figure 1 ), we did not examine the allelic relationship between Mtsym1 and these mutants.
Fix -mutants of M. truncatula
Mutants with small white nodules have defects in nitrogen fixation
To confirm the Fix -defect and quantify its extent, we assayed whether these mutants could support nitrogen fixation using the acetylene reduction assay (Figure 2 We assayed the expression of uidA (encoding ß-glucuronidase) fusions to the nodF, exoY, bacA, and nifH promoters, each of which is essential to a successful symbiotic program. The construction of the promoter-uidA fusions that we made created duplications of the promoter in the genome and left an intact copy of the gene, thus allowing bacterial and nodule development to proceed. The nodF operon is required for initiating infection and nodule development (Debellé et al., 1986) ; the exoY operon is required for infection (Pühler et al., 1991) ; the bacA gene is required for survival of the bacteria inside the plant cell (Glazebrook et al., 1993) ; and the nifH operon is required for nitrogen fixation (Ruvkun et al., 1982) .
We inoculated dnf mutant plants with S. meliloti strains containing each of the symbiosis gene promoter fusions and assayed uidA expression 21 dai ( Figure 3 ).
The expression of the PnodF::uidA fusion differed in nodules of dnf2 plants (42.2% of wild type; Figure 3A ), but was statistically the same (p > 0.05) for the other dnf mutants. It is difficult to interpret this result as the role of NodF once bacteria are inside the nodule is unknown. Expression of the PexoY::uidA fusion differed from wild type in dnf3, dnf5, and dnf6 (66.0%, 69.8%, and 79.4% of wild type, respectively; Figure 3B ). Expression of the PbacA::uidA fusion in mutant nodules was similar to that of the PnodF::uidA fusion: dnf2 was the only genotype to differ from wild type (37.7% of wild type; Figure 3C ). Because BacA
is required for survival of S. meliloti once bacteria are deposited into the cytoplasm of the plant (Glazebrook et al., 1993) , this reduction in bacA expression may indicate that in some nodules the bacteria die upon release from the infection thread. The expression of the PnifH::uidA fusion showed the largest differences between wild type and mutant plants, with six of the eight mutants differing significantly from wild type ( Figure 3D ). The dnf1, dnf2 and dnf5 mutants were defective in the ability to elicit nifH expression; dnf4 and dnf7
showed reduced numbers of nodules that contained nifH expressing bacteria (26.0% and 32.0% of wild type, respectively); dnf3 and dnf6 nodules showed an intermediate, though not statistically significant, number of nodules expressing nifH (50.5% and 53.2% of wild type, respectively). This finding correlates well with the finding that these two dnf mutants support the highest level of acetylene reduction activity out of all of the dnf mutants ( Figure 2 ). To examine the possibility that expression of the PnifH::uidA fusion is delayed in the dnf mutants,
we examined nodules at a later time point (28 dai). Results from this later time point were similar to those at 21 dai (data not shown).
Genes are Differentially Expressed in Wild Type Plants During Nodulation
In order to characterize Fix -defects in the context of plant symbiotic gene expression we first needed to determine the gene expression patterns in wild type plants during nodulation. We used an Affymetrix oligonucleotide microarray consisting of 9,935 tentative consensus sequences (TCs), which are based on cDNA libraries (Mitra et al., 2004) . We examined gene expression of wild type M. truncatula plants after inoculation with wild type S. meliloti at six time points: 6 hours, 1 day, 4 days, 7 days, 14 days, and 21 days. We chose these time points because they span the range of development of the Rhizobium-legume symbiosis, from initiation of the interaction through nitrogen fixation. Plants examined 6 hours after inoculation have changes in root hair morphology and calcium signaling (Ehrhardt et al., 1996) and at 21 dai, 364 are induced and five are repressed ( Figure 4 and Table 1S ).
No TCs fit our criteria as showing significant changes in expression at the 6-hour time point. Data from the 1 dai time point are presented elsewhere (Mitra et al., 2004) . These data are consistent with data generated by the Significance
Analysis of Microarrays program (SAM; Tusher et al., 2001). SAM identifies over
90% of the TCs identified by dChip, with the exception of data at 7dai. For this time point, dChip predicts that 164 TCs change expression, while SAM predicts that 111 of these TCs change expression. Fifty of the remaining TCs that were not predicted to change at 7dai by SAM were predicted to change at 14dai by both SAM and dChip. We conclude that the list of TCs identified by dChip, using a 2-fold cutoff at 90% confidence, is appropriate.
dnf Mutants Show Altered Gene Expression Patterns
Three dnf mutants, dnf1-1, dnf2, and dnf7, were assayed for large-scale gene expression changes after exposure to S. meliloti. These three mutants represent three different classes of Fix -mutants based on their ability to induce and/or support symbiotic bacterial gene expression (Figure 3) , and on previously identified differences in gene expression (Mitra and Long, 2004) . Microarray data show that differences between wild type and dnf mutant plants fall into three classes ( Figure 5 ). 17 TCs are induced to high levels (from 55 to 5.7 fold) in wild type plants, but are not induced (or are induced only to low levels) in at least one Among the TCs that are not induced in the three dnf mutants are, notably, two genes that have been described previously as being induced during nodulation:
leghemoglobin (TC35565) and a calmodulin-like protein (TC35912; Györgyey et al., 2000; TC35912; Fedorova et al., 2002) . Among the TCs that have significant homology to known genes and differ in at least one dnf mutant from wild type Nodule specific genes (Enods, nodulins, and late nodulins) were initially defined through examination of protein synthesis and through assays of specific genes.
Macro and microarray studies have identified many more genes that change expression upon inoculation with rhizobia (Barnett et al., 2004; El Yahyaoui et al., 2004; Mitra et al., 2004) . Here, we found that 584 genes are differentially expressed in wild type plants throughout the nodulation process compared to mock treated controls, and although many genes identified may play roles in nodulation, we cannot rule out the possibility that at least some of the differences we observe are due to nitrogen starvation of the mock treated plants. The largest number of genes changing expression, and the greatest magnitude of change occurs at the onset of the nitrogen fixation process (7 and 14 dai, Figure   4 ). A large number of these genes cannot be assigned any function based on sequence analysis, highlighting the need for additional functional approaches addressing the plant requirements for nodulation.
Our data are somewhat inconsistent with previously published macro and micro array data. El Yahyaoui and colleagues (2004) found that approximately half of the differentially expressed genes in nodules were down regulated. In our study, approximately 1% of differentially expressed genes are down regulated during nodulation. This discrepancy may be due to differences in statistical analysis, or to experimental design. For example, in the study by El Yahyaoui et al, (2004) plants were grown aeroponically for 15 days (the last four under nitrogen starvation conditions) before inoculation with S. meliloti versus six days of growth under nitrogen starvation on agar plates before inoculation in this study.
Additionally, they harvested only nodules (at four and ten dai), while in our study, we harvested 5 cm nodule-bearing root segments centered upon the site of inoculation, and our mock inoculated tissues were the same age as the comparable inoculated ones. In this study, primary root tips and lateral roots reasons why the data may not be comparable. It is likely that our method does not identify some genes that are differentially expressed. We chose to minimize the identification of false positives at the expense of increasing sensitivity for those genes that have small differences in expression.
We chose to subject three dnf mutants, dnf1-1, dnf2, and dnf7 to large-scale transcriptional analysis. These mutants were selected based on previously This suggests that the three dnf mutants have similar transcriptional blocks at earlier time points, but that they are able to proceed with subsequent gene expression and development to different extents. While more data are needed, such a result would be consistent with the idea that the development of nitrogen fixing plant nodules is more complex than a single linear progression of differentiation events.
Fix -mutants of M. truncatula
The mutants isolated here and in other studies (Bénaben et al., 1995; Kuppusamy et al., 2004; Veereshlingam et al., 2004) can be classified into five groups based on four criteria: nodule size, acetylene reduction activity, the support of bacterial symbiotic gene expression, and plant gene expression (Table   I ). The first group consists of lin, nip, and Mtsym1 (Bénaben et al., 1995; Kuppusamy et al., 2004; Veereshlingam et al., 2004) here should further refine these groups and allow us to place them in an order relative to the stage at which nodule development is affected.
In this work we describe seven complementation groups that are essential for nitrogen fixation, required for bacterial symbiotic gene expression, and deficient in plant symbiosis-associated gene expression. These dnf mutants will provide a framework for future functional studies and will greatly enhance our understanding of the nodulation process. 
Materials and Methods
Bacterial Strains and Growth Conditions
Sinorhizobium meliloti cultures were grown on LB or TY media at 30ºC with appropriate antibiotics.
The PexoY::uidA fusion was created using PCR amplification of the exoY genomic region from S. meliloti strain Rm1021 DNA with the primers 5'-cgccgtTcTagaactAgacgagggccatgatgagc-3' and 5'-gttgttgccGGAtcctcctgcctggccac-3' (capitalized bases are altered from Rm1021 sequence to introduce restriction sites and an in-frame stop codon). The PCR product was first cloned into pCR2.1 (Invitrogen, USA), and then subcloned into pVO155 (Oke and Long, 1999) after digestion with BamHI and XbaI. The resulting plasmid was transferred into Rm1021 via tri-parental mating.
Integration of this plasmid into the genome created a duplication of the exoY promoter: one exoY promoter was fused to uidA, while the other remained intact with the exoY gene (strain CSB365). PnifH::uidA was created similarly, using primers 5'-ccaggtcTaGaagcgcggcgagtgtattttAggagg-3' and 5'-aagcgttaagcagGaTccggaatggtcc-3' to create strain CSB357. Each fusion was transduced using N3 phage (Martin and Long, 1984) 
Plant Growth Conditions
In vitro plant growth conditions were described previously (Mitra and Long, 2004) . Additionally, plants were grown in commercial potting mix in either a glass house (natural light supplemented with 400W high-pressure sodium bulbs to achieve a sixteen-hour day), or in a growth chamber (Mitra and Long, 2004 per plant was estimated based on the observation of whole root systems. Plants for which >80% of nodules were Fix -were scored as carrying the mutation.
Acetylene Reduction Assays
The acetylene reduction assay (Turner and Gibson, 1980) was performed as described (Oke and Long, 1999) and used to determine whether plants could support nitrogen fixation. To assay complementation, several nodule-bearing root segments were excised from Rm1021-inoculated plants grown in potting soil, placed in culture tubes on strips of cellulose chromatography paper (Whatman International Ltd.) wetted with 1.5 mL 0.5X BNM.
Bacterial Gene Expression
Plants grown in glass tubes were flood-inoculated with the appropriate bacterial strain at OD 600 = 0.05. Twenty-one days after inoculation, nodules were bisected transversely with respect to the root axis, and left attached to the root to facilitate data quantification. Staining for ß-glucuronidase activity was performed as described (Swanson et al., 1993) . 
Affymetrix GeneChip Experiments
